Hypoxia/reoxygenation (H/R) treatment reportedly induces DNA damage response (DDR), including DNA double-strand break (DSB) repair and G2 arrest, resulting in reduction of clonogenic survival. Because WEE1 plays a key role in the G2/M checkpoint along with CHK1/2, we investigated the effect of WEE1 inhibition on H/R-induced DDR using HeLa cells. The H/R treatment combined with WEE1 inhibitor abrogated G2 arrest, subsequently leading to the cells entering the M phase, and finally resulting in mitotic catastrophe after prolonged mitosis. Colony-forming assay showed an enhanced decrease in the surviving fraction and the focus formation of BRCA1 was significantly reduced. We demonstrate for the first time that WEE1 inhibition enhances H/R-induced cell death accompanied by mitotic catastrophe and that the process may be mediated by homologous recombination.
INTRODUCTION
The phenomenon of hypoxia/reoxygenation (H/R) is often observed in solid tumors during the naturally occurring process of periodic occlusion and opening of tumor vessels [1] . Hammond et al. reported that DNA double-strand breaks (DSBs) are generated and cell cycle checkpoints are activated following H/R treatment [2] . These results raise a possibility that acutely hypoxic cells could be targeted by taking advantage of DNA damage response (DDR) occurring after the reoxygenation. It is thus important to characterize the properties of such DDR.
We have previously reported that H/R induces DSBs and that two cell fractions showing different cell cycle kinetics are detected 24 h after H/R treatment in HeLa cells, namely those cells remaining in G2 phase and harboring plenty of DSBs and those released from G2 arrest and harboring fewer DSBs [3] . In that study, we employed the fluorescent ubiquitination-based cell cycle indicator (Fucci), a cell cycle-visualizing system [4] . It allowed us to isolate the two different cell fractions by flow cytometric sorting, which revealed that the latter fraction exhibits significantly higher survival than the former [3] . If the observed G2 arrest is linked to DSB repair like the process occurring after irradiation [5] , G2 arrestreleasing agents should enhance cell killing. Indeed, CHK1 inhibition reportedly enhances sensitivity to H/R [2] .
Because WEE1 plays a key role in the G2/M checkpoint along with CHK1/2, herein we aimed to investigate the effect of WEE1 inhibition on H/R-induced DDR in HeLa cells using the WEE1 inhibitor, MK-1775, which relieves G2 arrest [6] via inhibition of the Y15 phosphorylation of CDK1 [5] , as well as to assess the involvement of homologous recombination (HR) in the process.
MATERIALS AND METHODS

Cell line and culture conditions
HeLa cells expressing the Fucci probes (HeLa-Fucci cells) were provided by RIKEN BRC through the National Bio-Resource Project of MEXT, Japan. HeLa cells were obtained from the Health Bio-Resources Bank (Sendai, Japan). Cells were maintained at 37°C, in a 5% CO 2 humidified atmosphere, in Dulbecco's modified Eagle's medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum, 100 IU/mL penicillin, and 100 μg/mL streptomycin.
opening the pack and transferring the culture dishes into the abovedescribed normoxic growth conditions (pO 2 = 21%).
Drug treatment
Cells were treated with the WEE1 inhibitor MK-1775 (Axon Medchem, Groningen, The Netherlands) at the concentration of 120 or 300 nM immediately after reoxygenation following hypoxic treatment for 24 h. Fucci fluorescence and immunofluorescence of cells were observed at the indicated times after reoxygenation by flow cytometry and time-lapse imaging as described below. For colony-forming assay, the inhibitor treatment time was 24 h.
Time-lapse imaging
Treated cells were held in an incubation chamber at 37°C in a humidified atmosphere containing 5% CO 2 (Tokai Hit, Fujinomiya, Japan) as described previously [3, 7] . Fluorescence images were acquired using a BIOREVO BZ-9000 fluorescence microscope (KEYENCE, Osaka, Japan).
Fluorescence immunostaining
At the indicated times after reoxygenation, the cells were fixed in 4% paraformaldehyde in PBS for 15 min. After extensive washing in PBS, the cells were subjected to immunostaining and analyzed as described previously [3] , except that primary monoclonal antibody against BRCA1 (1:200; SC-6954; Santa Cruz Biotechnology, Dallas, TX, USA) was used.
Flow-cytometric analysis
The treated cells were trypsinized and centrifuged, and the pellets were washed in PBS. The cells were fixed in 4% paraformaldehyde in PBS for 15 min on ice, and then incubated with a monoclonal antibody against phospho-histone H3 (S10) (1:50; Cell Signaling Technologies, Beverly, MA, USA) for 1 h on ice and then with Alexa Fluor 647-conjugated anti-rabbit IgG (1:500; Invitrogen, Carlsbad, CA, USA) for 30 min. For nuclear counter-staining, the cells were stained with Hoechst33342(1:1000) (Invitrogen) for 30 min. After staining, all samples were washed in PBS. Finally, single-cell suspensions were passed through a nylon mesh. Each sample was analyzed on a FACSCanto II cytometer (Becton Dickinson, Franklin Lakes, NJ) using the FlowJo software (Tree Star, Ashland, OR).
Colony-forming assay
Cells were treated with MK1775 (120 and 300 nM) for 24 h or incubated without treatment under normoxic conditions after finishing hypoxic treatment for 24 h. Immediately after the treatment, the treated cells were seeded on 60 mm plastic dishes (100 cells per dish). After 7-14 days, the cells were washed twice with PBS, fixed with 4% paraformaldehyde, and stained with 0.05% crystal violet. Colonies consisting of more than 50 cells were counted. All experiments were performed in triplicate and repeated three times.
Statistical analysis
Mean values were compared statistically using the two-tailed t-test or one way ANOVA with post hoc Tukey's multiple comparison test. P-values of <0.05 were considered statistically significant.
RESULTS AND DISCUSSION
WEE1 inhibition abrogates H/R-induced G2 arrest, resulting in mitotic catastrophe
We have previously reported that H/R treatment induces apparent G2 arrest in HeLa-Fucci cells [3] . Our previous results showed that most cells are arrested in G1 phase in terms of DNA content immediately after hypoxic treatment. Then, the cell cycle progressed through the S phase and reached the G2 phase, wherein arrest was clearly observed up to around 14 h after the treatment [3] . These results prompted us to examine the effect of G2 arrest-releasing agents on the cell cycle kinetics. WEE1 phosphorylates Y15 of CDK1 and negatively regulates transition from the G2 to the M phase in the cell cycle progression [5] . The WEE1 inhibitor MK1775 is known to release the DNA damage-induced G2 arrest [6] . Thus, we employed the inhibitor and the effect for G2 arrest kinetics was analyzed in combination with the M phase marker phosphorylated histone H3 (pHH3). Figure 1A and B present the results of DNA content analysis and 2D-analysis of DNA content/pHH3, respectively, following various treatments as indicated. MK1775 (300 nM) increased the M-phase fraction even under normoxic conditions. Pedigree analysis showed that the M-phase duration elongated to about 2 h (normal M-phase duration:~1 h), but cells normally divided (data not shown). Immediately after exposure to hypoxia for 24 h, fractions of S/G2/M phases decreased and the G2/M fraction similarly increased 10 h after reoxygenation in the absence or presence of MK1775. However, in the presence of MK1775, the M-phase fraction increased 10 h after reoxygenation, indicating the release from G2 arrest, and in this fraction, the pHH3-positive fraction was significantly higher than that observed in the presence of the inhibitor under normoxic conditions ( Fig. 1C , P < 0.01).
Furthermore, time-lapse imaging of Fucci fluorescence (Fig. 1D ) allowed visualization of red and green fluorescence emitted in the G1 and S/G2/M phases, respectively [4] . Most of the cells showed green fluorescence 10 h after H/R treatment, representing G2 arrest, which was consistent with the above described findings (Fig. 1D, upper panel) . Thereafter, some red cells, indicating release from G2 arrest, were observed, and no cell death was detected around 24 h after the H/R treatment (Fig. 1E, upper panel) . On the contrary, many round green cells characteristic of the M phase were observed 10 h after the combined treatment ( Fig. 1D, lower  panel) . Thereafter, the M phase was abnormally maintained for >5 h (the normal duration of the M phase in HeLa-Fucci cells being~1 h, [8] ) and followed by cell death during mitosis 14-24 h after the H/R treatment (Fig. 1E, lower panel) , a phenomenon termed mitotic catastrophe [9] . Similar effects were obtained in another HeLa cell line, HeLa-H2B-GFP, independently established in Dr Saya's laboratory (Keio Univ.) [9] , which showed a lower growth rate (18 h for HeLa-Fucci cells vs 24 h for HeLa-H2B-GFP cells). A human oral cancer cell line, SAS, with a p53 gene mutation [10] and diploid fibroblasts expressing telomerase reverse transcriptase (TERT), BJ1-hTERT [8] , did not exhibit a significant M-phase arrest like the HeLa cell lines treated with H/R plus MK1775 (See Supplementary Fig. 1 ).
We also examined the effect of the WEE1 inhibitor on H/Rinduced clonogenic survival in HeLa-Fucci cells. After treatment with 120 and 300 nM MK1775, the cells were subjected to colonyforming assay, and the results showed that clonogenic survival was significantly reduced in a dose-dependent manner (Fig. 2) . Significant difference was not detected between cells treated with H/R alone and H/R plus 300 nM MK1775 in SAS cells (0.8 ± 0.3, n = 3; 0.4 ± 0.3, n = 3) or BJ1-hTERT cells (0.7 ± 0.1, n = 3; 0.4 ± 0.3, n = 3) in terms of survival fraction. Thus, further analysis is required to confirm whether the observed findings are attributable to p53 functions or a HeLa cells-specific phenomenon.
WEE1 inhibition inhibits focus formation of BRCA1 in H/R-treated cells
WEE1 inhibition reportedly results in suppression of HR following irradiation [11] . Therefore, we attempted to examine the effect of MK1775 on BRCA1 relocation to DSB sites, a key process in HR [12] . Figure 3A shows immunofluorescence staining for BRCA1 in cells treated with H/R alone or with H/R and MK1775 combined.
Up to 5 h after the treatment, clear focus formation of BRCA1 was observed in cells treated with H/R alone but not in cells treated with the combination. BRCA1 foci were colocalized with 53BP1 foci that are also recruited to DSB sites (Fig. 3B ) [13] . Histograms for focus number of BRCA1 quantitatively confirmed the results (Fig. 3C) . These findings suggest that HR may be involved in repair of DSBs induced by the H/R treatment and that inhibition of HR, through WEE1 inhibition, may result in mitotic catastrophe. Krajewska et al. reported that WEE1 inhibition results in the activation of CDK1, which in turn phosphorylates S3291 of BRCA2, thus contributing to HR suppression [14] . Given that BRCA1 functions at the upstream regulator of BRCA2 [11] , it is intriguing to speculate the existence of other mechanisms that link WEE1-associated events with BRCA1. Chronic hypoxia has also been reported to inhibit the expression of HR proteins, including BRCA1/2, which compromises the radioresistance of chronically hypoxic cells [15] . The possibility that WEE1 inhibition somehow enhances hypoxia-induced suppression of BRCA1 protein expression could not be ruled out. These questions thus warrant further investigation.
